Intercellular attachment is an essential process in the morphogenesis of multicellular organisms. A unique mutant, nolac-H18 (nonorganogenic callus with loosely attached cells), generated by T-DNA transformation using leaf-disk cultures of haploid Nicotiana plumbaginifolia, lost the ability to form tight intercellular attachments and adventitious shoots. The gene tagged with T-DNA, named NpGUT1 (glucuronyltransferase 1), was similar to the gene for the catalytic domains of animal glucuronyltransferases and was expressed predominantly in shoot and root apical meristems. The transformation of NpGUT1 complemented the nolac-H18 mutation, and the expression of antisense NpGUT1 RNA produced crumbled shoots. The mutation caused defects in the glucuronic acid of rhamnogalacturonan II of pectin, which drastically reduced the formation of borate cross-linking of rhamnogalacturonan II. NpGUT1, which encodes a unique glucuronyltransferase, is a glycosyltransferase gene identified in pectin biosynthesis and is essential for intercellular attachment in plant meristems and tissues. S patially and temporally controlled intercellular attachment and communication are indispensable for the organization of plant tissues, making them critical for normal development and morphogenesis in every multicellular organism. Plant cell walls are composed primarily of cellulose microfibrils, hemicellulose, pectic polysaccharides, and small amounts of structural proteins (1-3). Pectin is believed to be involved in intercellular attachment because it is localized mainly in the primary cell wall, middle lamella, and cell corners. Pectin consists mostly of three structurally well-characterized polysaccharides: homogalacturonans (HGs) and highly branched rhamnogalacturonans I and II (RG-I and RG-II). Compared with cellulose and hemicellulose, little is known about the synthesis and assembly of pectins. The biosynthesis of HG, RG-I, and RG-II likely requires at least 41 unique glycosyltransferases (1). The activities of several transferases involved in the biosynthesis of pectin have been identified (1). However, none of these enzymes have been purified, and their genes have never been identified.
S
patially and temporally controlled intercellular attachment and communication are indispensable for the organization of plant tissues, making them critical for normal development and morphogenesis in every multicellular organism. Plant cell walls are composed primarily of cellulose microfibrils, hemicellulose, pectic polysaccharides, and small amounts of structural proteins (1) (2) (3) . Pectin is believed to be involved in intercellular attachment because it is localized mainly in the primary cell wall, middle lamella, and cell corners. Pectin consists mostly of three structurally well-characterized polysaccharides: homogalacturonans (HGs) and highly branched rhamnogalacturonans I and II (RG-I and RG-II). Compared with cellulose and hemicellulose, little is known about the synthesis and assembly of pectins. The biosynthesis of HG, RG-I, and RG-II likely requires at least 41 unique glycosyltransferases (1) . The activities of several transferases involved in the biosynthesis of pectin have been identified (1) . However, none of these enzymes have been purified, and their genes have never been identified.
Recently, we established a system for producing mutants called nolac (nonorganogenic callus with loosely attached cells) by T-DNA transformation, which involves in vitro cultures of leaf disks of haploid Nicotiana plumbaginifolia (4) . These mutants are defective in intercellular attachment, which results in the failure of organogenesis. Haploid N. plumbaginifolia plants (5) are suitable for generating and studying such mutants, because mutations have a direct effect on phenotype and because cells with embryo-lethal mutations can be maintained in tissue culture as unorganized callus, which enables us to analyze mutant cell walls. We identified 199 lines of callus with loosely attached cells from cultures of 2,970 leaf disks that had been transformed with T-DNA. Although, only 25 of these continued to grow on the medium, nolac-H18 had a growth rate that was similar to that of normal callus.
In this study, we identified a glycosyltransferase gene (NpGUT1: glucuronyltransferase 1) for the biosynthesis of pectin by using a system of mutant production, and the gene was found to be indispensable for plant intercellular attachment. Production and Screening of the nolac Mutant. Leaf disks of haploid N. plumbaginifolia were transformed by using a modified version of the leaf-disk method (4). The pBI121-revised vector that included the 35S promoter-driven hygromycin phosphotransferase gene was introduced into Agrobacterium tumefaciens strain LBA4404. Agrobacterium-infected leaf disks were cultured on Murashige and Skoog's agar-solidified medium containing 1 mg͞liter benzyladenine for shoot induction, and the formation of nolac was evaluated after 1 month. In normal callus, compact clusters of cells were generated with multiple shoots. However, a paste-like callus with weak intercellular attachments formed on the Agrobacterium-infected leaf disks. We confirmed the characteristics of the paste-like callus by touching it with tweezers to test the hardness of the callus (4).
Materials and Methods
Scanning Electron Microscopy. Cells were fixed in 2.5% (vol͞vol) glutaraldehyde in 25 mM sodium phosphate buffer (pH 6.8) for 2 h at room temperature. They were then washed with the same buffer for 10 min. After dehydrating the cells by passing them through an ethanol series, the ethanol was replaced by isoamyl acetate. Then, samples were dried in a critical-point dryer (HCP-2; Hitachi, Tokyo). Finally, the cells were coated with platinum͞palladium in an ion-sputtering system (E-102; Hitachi) and observed with a scanning electron microscope (S-2500; Hitachi).
amplified by thermal asymmetric interlaced-PCR (6). NpGUT1 cDNA was obtained from the seedling mRNA by RT-PCR (7) and cloned downstream from the 35S promoter in plasmid pBI121 in both sense and antisense constructs. These plasmids were introduced into A. tumefaciens C58C1 by using the freezethaw method. The sense construct was used to complement nolac-H18. Antisense NpGUT1-transgenic N. tabacum was produced by the leaf disk method as described above.
RNA Gel Blot Analysis. RNA (10 g) was extracted from the shoot apex, root, leaf, and stem of N. plumbaginifolia and fractionated by electrophoresis on a formaldehyde agarose gel; the bands of RNA were transferred to a Gene Screen Plus membrane (DuPont). The RNA on the filter was allowed to hybridize with 32 P-labeled NpGUT1 cDNA in hybridization solution containing 50% formamide, 5ϫ SSPE (0.18 M NaCl͞10 mM phosphate, pH 7.4͞1 mM EDTA), 5ϫ Denhardt's solution, 0.1% SDS, and 150 g⅐ml Ϫ1 salmon sperm DNA at 42°C for 20 h. The filter was first washed with 2ϫ SSC at room temperature and then with 2ϫ SSC and 0.1% SDS at 42°C. For visualization on the filter, we used a bio-imaging analyzer (BAS-5000; Fuji).
Preparation of Cell Wall Material. The methods used to prepare and fractionate cell walls were based on Selvendran's procedure (8) . Calli were suspended in 80% (vol͞vol) ethanol and homogenized for 10 min at 1,500 rpm by using a Polytron blender (PhyscoTroller NS-610, Nichion Rikakikai, Tokyo). The suspensions were centrifuged at 2,500 ϫ g for 5 min. The insoluble residue was then washed with 80% (vol͞vol) ethanol, 95% (vol͞vol) ethanol, 100% ethanol, chloroform͞methanol (1:1 vol͞vol), resuspended in acetone, collected on a glass-fiber filter (Whatman GF͞F), air-dried, and used as cell wall material. The cell wall materials were hydrolyzed with 72% (vol͞vol) H 2 SO 4 for 2 h at room temperature. Then, the acid concentration was diluted to 3% and the mixture was incubated for 2 h at 100°C (8) . The cell walls were extracted sequentially with 50 mM Na 2 CO 3 at room temperature for 2 h (pectic fraction), 1 M KOH at room temperature for 2 h, and 4 M KOH at room temperature for 2 h (hemicellulose fractions). The supernatants were neutralized with acetic acid to pH 6.0, dialyzed, and freeze-dried. The glycosyl-residue compositions were determined by gas chromatography-MS of the alditol acetate and trimethylsilyl methyl glycoside derivatives (8) . pH 5.0 and 25°C]. The suspensions were centrifuged, and the insoluble residues were washed with water. The EPG-soluble fractions were dialyzed (1-kDa cutoff) against water and freezedried. RG-II was purified from the EPG-solubilized material by size-exclusion chromatography on a Superdex 75 HR 10͞30 column (Amersham Pharmacia Biotech) equipped with a refractive index detector (9, 10) . Similar amounts (Ϸ3% of the wall) of RG-II were released from normal and nolac-H18 cell walls. The monomeric RG-II (mRG-II) and dimeric RG-II-B (dRG-II-B) in the EPG digests were confirmed by comparing their retention times with those of the authentic mRG-II and dRG-II-B from sugar beet and red wine. The EPG-soluble fraction (2 mg) was treated for 1 h at 30°C with 1 M HCl solution (0.5 ml). The acid-treated sample was dialyzed (1-kDa cutoff) and freeze-dried. The acid-treated sample (1 mg) was kept for 16 h in K ϩ hydrogen phthalate͞HCl, pH 3.7, (200 l) containing boric acid (6 mM) and lead acetate (4 mM) (11) . This solution was then dialyzed (1-kDa cutoff) and freeze-dried. The relative amounts of the RG-II dimer and monomer were determined by size-exclusion chromatography͞refractive index detector (9, 10) .
In Situ Hybridization of mRNA and ␤-Glucuronidase (GUS) Assay for Promoter Activity. In situ hybridization was performed as described (12) with minor modifications. For the GUS assay, a 680-bp DNA fragment of the NpGUT1 genomic sequence upstream from the putative initiation codon (P NpGUT1 ) was amplified by PCR and cloned upstream from the GUS gene in plasmid pBI-121. This plasmid was introduced into A. tumefaciens C58C1, used to transform N. plumbaginifolia, and subjected to GUS activity assays (13) .
Results

Light and Scanning Electron Microscopy of nolac-H18.
The cells of nolac-H18 callus, a mutant cell line, were somewhat larger than those of normal organogenic callus and were loosely attached, and the morphology of the cell clusters was irregular. In normal callus, the cells were tightly attached to one another and formed shoot meristems at the surface of the callus (Fig. 1) . The green color of the callus became pale in nolac-H18 (see Fig. 3A ). No nolac mutant calli appeared on T-DNA-transformed leaf disks from diploid plants or from nontransformed haploid and diploid plants.
Identification of NpGUT1 with T-DNA Tagging. Gel blot analysis of nolac-H18 genomic DNA showed the presence of four copies of T-DNA (data not shown). To characterize the insertion sites, the genomic DNA flanking the right T-DNA border in nolac-H18 was amplified by thermal asymmetric interlaced-PCR. Three copies of T-DNA were inserted into retrotransposons and appeared not to be responsible for the nolac-H18 mutation. A gene was identified in the fourth flanked DNA that had 60% homology in the glycosyltransferase domain of animal EXT2 (exostoses) genes ( Fig. 2A) . Because EXT2s are glucuronyltransferases involved in heparan sulfate synthesis (14), we named this gene NpGUT1 (GenBank accession no. AB08676). This nolac-H18 mutant contains a T-DNA insertion in exon 1 of the NpGUT1 gene between amino acids Y89 and Q90.
The sequence analysis of NpGUT1 revealed that the protein encoded by this gene consists of transmembrane, stem, and catalytic domains, matching the structure of animal and yeast glycosyltransferases (15) . In addition, the UDP-glycosyltrans- ferase signature in the catalytic domain is conserved within the NpGUT1 and EXT gene families (16) (Fig. 2 A) . We found sequences with 90% and 87% identity to NpGUT1 in the Arabidopsis (AAC80624.1) and rice (OSJNBa0095J15.1) genome databases, and designated them AtGUT1 and OsGUT1, respectively (Fig. 2B) .
DNA gel blot analysis of the N. plumbaginifolia genome indicated that NpGUT1 is a single-copy gene. AtGUT1 is also a single-copy gene that is identical to the EST clone APZ07g09F of Arabidopsis. In the phylogenetic tree, NpGUT1, AtGUT1, and OsGUT1 clustered separately from the animal genes (Fig. 2B) .
Complementation of nolac-H18 with NpGUT1. When the nolac-H18 callus was transformed with 35S promoter-driven NpGUT1 (35S::NpGUT1), the nonorganogenic and weak intercellular attachment phenotypes of nolac-H18 were complemented (Fig.  3A) . Namely, Ϸ80% of the transformed nolac-H18 calli formed adventitious shoots as normal calli, whereas only Ϸ3% of the nolac-H18 calli transformed with 35S::GUS formed adventitious shoots (Fig. 3A) . The transformation of nolac-H18 with 35S::NpGUT1 also rescued the level of NpGUT1 transcription, as found in mRNA gel blot analysis (Fig. 3B) .
Effects of the Expression of Antisense NpGUT1. Transformation of normal leaf disks of N. tabacum with the 35S promoter-driven antisense NpGUT1 gene resulted in the formation of crumbled shoots (Fig. 4A) in accord with the reduction in the level of NpGUT1 mRNA (Fig. 4C) . In these transformants, the leaf and stem tissues were ragged and brittle, and callus-like cell clusters were seen on the shoot apex (Fig. 4B ).
Sugar Composition of Cell Wall Matrix Polysaccharide.
The sugar composition analysis of the cell walls from normal and nolac-H18 calli is shown in Table 1 . The glucuronic acid (GlcA) content in nolac-H18 callus was drastically reduced to Ϸ14% of that of normal callus, whereas the levels of the other sugars were reduced by as much as 60%. When the cell wall materials were subjected to sequential extraction with 50 mM Na 2 CO 3 , 1 M KOH, and 4 M KOH, the GlcA levels were markedly reduced only in the 50 mM Na 2 CO 3 -soluble pectic fraction of nolac-H18 (data not shown).
Pectins are a family of complex polysaccharides that are characterized by a backbone of ␣-1,4-linked polygalacturonic acid. In the primary cell wall, they have three domains: the HG, RG-I, and RG-II domains (1, 2, 11, 17) . Because GlcA occurs predominantly in the RG-II domain of pectin and exists in 2-O-Me-xylosyl-containing side chains (see Fig. 7 ), which are indispensable for cross-linking the RG-II dimers via borateesters (9, 10, 18), we analyzed the sugar composition of the RG-II domain prepared from the pectin fraction ( Table 2 ). The monosaccharide composition was determined by gas chromatography-MS. We did not detect any GlcA in nolac-H18, but the nolac-H18 callus transformed with 35S::NpGUT1 had the same GlcA levels as seen in normal callus. The Gal level in RG-II of nolac-H18 was half that in normal callus and 35S::NpGUT1-transformed nolac-H18, suggesting that the defect is in the terminal disaccharide, ␣-L3Galp-(132)-␤-GlcpA in the 2-O-Me-xylosyl-containing side chain of RG-II of nolac-H18 (see Fig. 7 ).
In Vitro Formation of RG-II Dimer. Because mRG-II accounted for 56% of the total RG-II in the cell walls of nolac-H18, whereas the borate ester cross-linked RG-II dimer (dRG-II-B) accounted for Ͼ95% of the RG-II in normal callus and 35S::NpGUT1 nolac-H18 (data not shown), we examined the in vitro dimer formation ability of RG-II isolated from the mutant. The in vitro formation of dRG-II-B with mRG-II prepared from nolac-H18 was only Ϸ18% (Fig. 5) . In contrast, the mRG-II from the normal callus and 35S::NpGUT1 nolac-H18 was completely converted to dRG-II-B in vitro. These results showed that the lack of GlcA in pectin RG-II drastically affected the formation of borate ester cross-linking of RG-II.
Expression of NpGUT1. NpGUT1 mRNA was abundant in apical shoots and roots, but not in leaves (Fig. 6A) . In situ hybridization showed that NpGUT1 mRNA specifically accumulated in the shoot apical meristem, the uppermost region of the leaf primordia, and the root tip (Fig. 6B ). In the GUS assay for promoter activity of the upstream DNA region of NpGUT1, GUS activity The data are the mean Ϯ SD of at least three independent experiments. *Percentages of sugars (nolac-H18͞normal callus). Ara  18  28  20  Rha  22  20  20  Gal  10  5  12  Fuc  3  3  3  Apiose  10  9  9  2MeFuc  5  5  5  2MeXyl  4  4  4  GalA  26  26  26  GlcA  3  ND  3 ND, not detected. Aceric acid, 3-deoxy-D-manno-2-octulosonic acid, and 3-deoxy-D-lyxo-2-heptulosaric acid were detected but not quantified. in transgenic shoots with P NpGUT1 ::GUS was detected in both the shoot apex and young leaves that were in the early stages of shoot development (Fig. 6C) . GUS activity was also detected in root tips (Fig. 6C ).
Discussion
Identification of NpGUT1 and Its Responsibility for nolac Mutation.
We have established a method to produce mutants of haploid N. plumbaginifolia plants with defects in intercellular attachment (5) . Haploid plants, which directly demonstrate phenotypic alteration caused by a recessive mutation, provide a system for the production and selection of altered cell wall mutants. In recent years, Arabidopsis has become a preferred experimental species, because it is amenable to molecular study. However, mutations that cause defects in cell wall polysaccharides, such as cellulose and matrix polysaccharides, sometimes have embryonic lethal phenotypes, making the biochemical analysis of the cell wall polymers in such mutant cells very difficult (19, 20) . To overcome this difficulty, a temperature-sensitive Arabidopsis mutant for cellulose biosynthesis has been successfully isolated and the biochemical phenotype of its cell wall has been analyzed (21) . The present system for mutant production using cultured haploid N. plumbaginifolia permits subsequent in vitro culture of lethal mutants as nonorganogenic callus, thus enabling biochemical analysis of the matrix polysaccharides of the cell wall (4).
In the presence of a single cytokinin plant hormone in the culture medium, cells of normal calli formed organized clusters on which shoot meristems were formed and the cells were tightly attached to one another (Figs. 1 and 3) . Clusters of nolac-H18 cells were disorganized with random morphology and weak intercellular attachment (Figs. 1 and 3) . The T-DNA-tagged gene, NpGUT1, which is similar to animal heparan sulfate polymerases (glucuronyltransferases) in the conserved domain of UDP-glycosyltransferase (Fig. 2 A) , was thought responsible for the mutation, because the transformation of nolac-H18 with 35S::NpGUT1 induced the normal formation of adventitious buds (Fig. 3A) , and the expression of antisense NpGUT1 caused a nonorganogenic, loosely attached phenotype similar to nolac-H18 on normal leaf disks (Fig. 4) .
When the effect of antisense NpGUT1 expression was mild (Fig. 4B) , morphogenesis was relatively normal and the shoot apex formed a light green callus. When the effect of antisense NpGUT1 expression was severe (Fig. 4A) , shoot development and intercellular attachment were drastically depressed and the color became pale. Because even those transformants with the mild phenotype could not form the second node, a high level of NpGUT1 expression appears essential for shoot development.
Involvement of NpGUT1 in the Biosynthesis and Function of Pectin.
The sugar analysis of the cell wall of normal and nolac-H18 revealed a drastic reduction in the amount of pectic GlcA to Ϸ14% that in normal calli ( Table 1 ). The GlcA residue is one of the glycosyl residues in RG-II, which is usually located in 2-O-Me-xylosyl-containing side chains of the RG-II domain of pectin, although RG-I also contains a few GlcA residues (22) . This side chain is the borate-binding site of borate cross-linked RG-II dimers (1) . No GlcA and almost half the amount of Gal were detected in RG-II isolated from nolac-H18 (Table 2) . Another side chain, the 2-O-Me-fucosyl-containing side chain of RG-II, also contains a Gal residue (1, 11) . These results indicate that nolac-H18 lacks the terminal ␣-L3Galp-(132)-␤-GlcpA disaccharide in the 2-O-Me-xylosyl-containing side chain of RG-II (Fig. 7) . Namely, the terminal Gal could not be transferred because of the absence of GlcA. In the mutant RG-II, an increase in the level of Ara was observed (Table 2 ). This finding may be caused by the substitution of Ara for GlcA in the RG-II side chain. We previously reported the importance of the arabinan side chain of the pectin RG-I domain in intercellular attachment (4) , but the additional Ara in RG-II may not affect pectin function. The fact that the transformation of nolac-H18 with 35S::NpGUT1 completely complemented the sugar phenotype ( Table 2 ) clearly shows that NpGUT1 encodes a glucuronyltransferase that transfers GlcA to the RG-II domain of pectin (Fig. 7) .
Cross-Linking of RG-II via Borate Ester. Pectin consists of HG, RG-I, and RG-II domains and is associated with cell wall polymers through covalent and noncovalent bonds via these domains (3, 4, 11, 17, 23) . The presence of divalent calcium ions allows ionic cross-linking between the galacturonic acid residues in the HG domains, resulting in the formation of pectin gel. The side chains, composed of arabinan and arabinogalactan in the RG-I domains, are also thought to be involved in the intercellular attachment (4, (23) (24) (25) (26) . The RG-II domain is rich in primary walls, which are composed of four structurally different oligosaccharide side chains, formed from galacturonic acid, rhamnose, apiose, GlcA, 2-O-Me-xylose, 2-O-Me-fucose, galactose, arabinose, aceric acid, 3-deoxy-D-manno-2-octulosonic acid, 3-deoxy-D-lyxo-2-heptulosaric acid, and fucose. RG-II preferentially forms a dimer that is cross-linked by a 1:2 borate-diol ester (11, 27) . The cross-link is formed between the two 2-O-Me-xyl-containing apioses of the side chains via borate. Borate cross-linking of RG-II generates complex pectin networks.
In nolac-H18, the rate of dRG-II-B formation in vitro was only Ϸ18%, whereas it was 100% in normal callus (Fig. 5) . Therefore, the lack of GlcA in the RG-II domain of pectin in nolac-H18 drastically affects formation of the RG-II dimer and hence pectin-pectin interactions. Because this phenotype of nolac-H18 was completely complemented by the transformation of 35S::NpGUT1, NpGUT1 expression appears to be essential for the pectin network.
The substitution of 2-O-Me galactose for 2-O-Me fucose in the RG-II of the Arabidopsis mur1 mutant also reduces the rate of formation and the stability of the RG-II dimer (10) . The mutant phenotypes of nolac-H18 and mur1-1 indicate that the entire structure of the side chain of RG-II is essential for borate cross-linking of the RG-II dimer. The functions of GlcA and 2-O-Me fucose likely differ, because the addition of excess borate could not rescue the nolac phenotype (data not shown), whereas the mur1-1 phenotype was rescued by the addition of borate (9) .
Requirement of NpGUT1 in the Meristems. NpGUT1 was specifically expressed in the shoot and root meristems and younger tissues ( Fig. 6 B and C) . This pattern of NpGUT1 expression is associated with the plant parts where the phenotype of antisense NpGUT1 expression was observed (Fig. 4 A and B) . These tissues must require particularly strong intercellular attachment for intercellular communication and organization. Recently, it was determined that cell signaling pathways via plasmodesmata play roles in regulating shoot meristem development and organ formation (28, 29) . Disconnection of the plasmodesmata between cells may be one of the main causes of disordered shoot apex morphology in both nolac-H18 and the antisense NpGUT1-transformed shoots. Because boron deficiency causes structurally abnormal walls and abnormal meristem morphology (10), boron is considered essential for the meristems and cells of growing plants (9) (10) (11) 30) . Our study expands on this understanding by showing that the glucuronate linkage of pectin, catalyzed by the product of NpGUT1, is essential for intercellular attachment in the meristematic regions of higher plants.
In conclusion, we succeeded in identifying a glycosyltransferase gene for pectin biosynthesis. This study also demonstrated that the loss of one unit of GlcA in the pectin molecule can cause drastic morphological abnormalities, particularly in the meristem, and indicates that the glucuronyltransferase gene is essential for intercellular organization in plant meristems and tissues.
